Purpose. The objective of the current study was to investigate whether hcp plays a role in the process of Acinetobacter baumannii infection and to examine clinically relevant factors that may affect hcp expression.
INTRODUCTION
Acinetobacter baumannii is one of the most important opportunistic pathogens causing severe nosocomial infections [1] , including pneumonia, endocarditis, bacteraemia and urinary tract infections [2] . It has recently become the most frequently isolated pathogen in intensive care units in China and often has been implicated in polymicrobial infections with extremely high mortality [3] .
The type VI secretion systems (T6SSs) are novel secretory systems of Gram-negative bacteria, including members of the genera Pseudomonas, Colibacter and Burkholderia, and A. baumannii [4] [5] [6] [7] , and have been implicated in the pathogenesis of plant or human pathogens, as reported for T6SSs of Erwinia amylovora [8] , Agrobacterium tumefaciens [9] , Escherichia coli [10] and Salmonella enterica [11] . The T6SS is a multiprotein apparatus that delivers protein effectors into prokaryotic or eukaryotic cells [12, 13] . Among the estimated 13 core T6SS components, Hcp (haemolysincoregulated protein), the T6SS nanotube complex, was first identified as a core protein of the T6SS apparatus in Vibrio cholerae [14] . Subsequently, evidence has revealed that some T6SSs play a critical role in biofilm formation [15] , inter-bacterial competition and the defence of the invaded host [16] [17] [18] [19] . During the events mentioned above, Hcp often acts as an effector itself or a transporter and chaperone of diverse effectors from the bacterial T6SS. In addition, Hcp can be secreted into the culture supernatant of the bacteria cell [12, 20] ; therefore, it is a liberated effector and a molecular marker that has been extensively used to evaluate the activity of T6SSs [21, 22] .
Given that the T6SS is a multi-functional virulence mechanism and encoded by diverse bacteria, it is not surprising that gene expression and activation of T6SSs are subjected to many regulatory mechanisms, including environmental cues. For example, the T6SS of Serratia marcescens RM66262 is regulated by the RcsB response regulator at the transcriptional level and the T6SS-1 expression levels of Burkholderia pseudomallei inside host cells are controlled by the two-component sensor-regulator VirAG and are controlled by BprC outside host cells (e.g. when grown in medium) [23, 24] , and in A. baumannii, the activity of the T6SS was repressed by a plasmid repressor encoded by TetR [25] . Environmental cues, such as assault of immunocytes, influence of various antibiotics, changes in temperature and pH and the concentration of iron have also been implicated in the regulation of T6SS cluster genes [26] [27] [28] . Moreover, T6SS may be activated when bacteria are challenged with diverse environmental stresses. It has been confirmed that T6SS + bacteria are a trigger of T6SS activity in adjacent cells [18] , and T6SS can be activated in human serum for better survival [29] .
This study included 77 clinical isolates separated from sputum collected from patients with respiratory infection. The presence of hcp in these isolates was screened and expression of hcp was examined accompanied by comparison between different groups. Additionally, the influence of pH and THP-1 and A549 cell lines on the expression of hcp were examined.
METHODS
Isolation of A. baumannii strains and culture conditions Seventy-seven clinical A. baumannii isolates were derived from the respiratory tract of patients in the Second Affiliated Hospital and Yuying Children's Hospital of Wenzhou Medical University, China, during the period from June to September 2016. Repeated isolates derived from the same patient during one hospitalization were removed. The A. baumannii strain American Type Culture Collection 17978 (ATCC 17978) was donated by Professor Yunsong Yu of the Infectious Diseases Department of Yifu Shao Hospital Affiliated with Zhejiang University, China. For DNA or RNA extraction, overnight Luria-Bertani (LB) medium cultures of A. baumannii isolates were used to inoculate 2 ml LB medium and incubated at 37 C, 180 r.p.m., to an optical density at 600 nm (OD 600 ) of 0.5~0.6. To examine the expression levels of hcp in A. baumannii under an acid environment, 100 µl A. baumannii cultures were grown for 3 h to an OD 600 of 0.5~0.6 in LB medium adjusted to a pH of 5 or 7.
Observation of phagocytosis of A. baumannii by neutrophils Two sputum smears with uniform thickness were made from the pathological section (pus, blood, sticky parts, etc.) of the sputum specimen. Then, the phagocytosis of A. baumannii was comparatively observed using Gram staining and Wright staining.
Identification of invasive A. baumannii isolates
The doctors' clinical judgment and these following conditions were used for identifying invasive A. baumannii isolates from hcp-positive isolates: (i) an immune pathological phenomenon (phagocytosis of A. baumannii) was observed through sputum smear microscopy; (ii) the patient had usual clinical symptoms or signs or imaging features of respiratory infection; (iii) C-reactive protein or procalcitonin increased in the patient; and (iv) after treatment with sensitive antibiotics, the patient's condition was improved. Colonizers are the isolates that did not quite match the above conditions. The isolates that were difficult to judge as having infection or colonization status were abandoned. Finally, 31 isolates were categorized as invasive strains and 22 isolates were categorized as colonizers (Table S1 , available with the online version of this article). À1 and transferred into a 12-well plate, 1 ml per well, and A549 cells were grown in a 12-well culture plate until cells covered the bottom of the plate and up to 80 % (cells were less than seven generations). Then, 100 µl isolate cultures (at a turbidity of 0.5 McFarland) or ATCC 17978 cultures were seeded into each well. The blank control wells only contained culture medium and A. baumannii isolates. The cells were maintained at 37 C in a 5 % CO 2 atmosphere. Four to eight hours later, all of the cell cultures were collected and then subjected to RNA isolation and PCR analysis.
DNA extraction and hcp gene detection DNA templates were prepared using a bacterial DNA extraction kit according to the manufacturer's instructions (Generay Biotech). For PCR amplification, the first set of primers used were as reported elsewhere [4] , hcp-F1 (5¢-GAAAGATATATACGTTGAGTTTCG-3¢) and hcp-R1 (5¢-CTGCGTAAGAAGCTGTATTATTAG-3¢) for the fulllength hcp gene. PCR product was detected via 1.5 % (w/v) agarose gel electrophoresis and documented with a gel image analysis system (FR-980A; Furi). To ensure those isolates for which no PCR product was obtained were indeed devoid of the hcp gene, a second set of primers hcp-F2 (5¢-TGCTGAACGTGTTGAACATT-3¢) and hcp-R2 (5¢-TAA-CAGCACCTTTAGCAGTA-3¢), which were designed based on the sequences of A. baumannii strain ATCC 17978 (GenBank accession number CP012004.1), were used for amplification. Genomic DNA of the ATCC 17978 strain was amplified as a positive control and the template DNA in the negative control was replaced by sterile ddH 2 O.
RNA isolation and Quantitative real time polymerase chain reaction (qRT-PCR)
Total RNA from the A. baumannii cultures was extracted using TRIzol reagent (Invitrogen) according to the manufacturer's protocol. The reverse transcription reaction was performed in 20 µl mixtures using PrimeScript RT reagent kit Perfect Real Time (Takara). hcp expression levels were determined by qRT-PCR using SYBR Green I Master (Roche) in a LightCycler quantitative PCR instrument (Roche). hcp and gyrB primers were designed and synthesized by the Sunny Biotechnology Co. (Shanghai, China), hcp-F3 (5¢-AAGTCCACTCAACAGCAGCA-3¢) and hcp-R3 (5¢-CGTGCAAATGGCGATAAACG-3¢), and gyrB-F (5¢-GATGATGCGCGTGAAGGTTT-3¢) and gyrB-R (5¢-CATTGCTTGCTCTACCGCTG-3¢). Data were normalized to the endogenous reference gene gyrB and the hcp transcription levels were analysed by the cycle threshold method (2 À44C t ).
Statistical analysis
Normally distributed data were expressed as the mean±SD (x±SD), and the differences between the groups were analysed using the unpaired t-test or multiple comparisons (LSD test or Dunnett T3 test) after one-way analysis of variance (ANOVA). A nonparametric test (Mann-Whitney U-test) was employed to compare the different groups when the normality assumption was not satisfied. P<0.05 was considered significant. P values were coded as follows: ****, P<0.0001; ***, 0.0001<P<0.001; **, 0.001<P<0.01; and *, 0.01<P<0.05.
RESULTS
hcp detection using PCR Using PCR, the presence of the hcp gene in the 77 clinical A. baumannii isolates was screened. The results showed that 77.9 % (60 of 77) isolates were detected as being positive for hcp and 17 isolates were indeed devoid of the hcp gene.
Relative expression of hcp in 53 clinical isolates and ATCC 17978 qRT-PCR was carried out to examine the expression of hcp in 53 hcp + isolates, including 31 invasive isolates and 22 colonizers. Expression of hcp in 36 isolates was higher and in 17 isolates was lower than that in ATCC 17978, we named them high-or low-expression isolates, respectively. The experiment data between groups were compared using the Mann-Whitney U-test. The hcp transcript level in the highexpression group was 4.570-fold (median) and in lowexpression group was 0.001-fold (median) of the level in ATCC 17978, and the difference between them was statistically significant (z=À5.831, P<0.0001). Then, the hcp transcript levels between the colonization group and the infection group were compared, it showed that the median value of the infection group (4.563-fold) was higher than that of the colonization group (0.030-fold), and the difference was statistically significant (z=À3.989, P<0.0001), see Fig. 1 .
Expression of hcp in A. baumannii after infecting THP-1 and A549 cells THP-1 cells, which are derived from human acute monocytic leukemia, are often used as a survival pressure to research the in vitro change of bacterial virulence-associated genes. For example, the clinical Streptococcus pneumoniae ply gene was upregulated when stimulated by THP-1 cells [30] . The human-type II cell alveolar epithelial cell line (A549) is the commonly used cell line for studying pulmonary pathogen infections. To detect changes in the expression of hcp after infection, we created two in vitro infection models of these two cell lines. Cells were infected with A. baumannii isolates randomly selected from high-or lowexpression isolates for 4 and 8 h, respectively.
Three low-expression isolates (isolates 38, 45, 55) and three high-expression isolates (isolates 16, 50, 59) together with ATCC 17978 were included in the infection of THP-1. As shown in Table 1 , ÀDDC t values of hcp increased after these six strains infected THP-1 cells for 4 and 8 h compared to pre-infection. However, there was no statistically significant difference in the expression of hcp after low-expression isolates infected THP-1 cells for 8 h compared to pre-infection, but the expression was significantly higher after 4 h infection. Also, there was no statistically significant difference in the expression of hcp after high-expression isolates infected THP-1 cells for 4 h compared to pre-infection except for isolate 16, but the expression was significantly higher after 8 h infection. hcp transcript levels were significantly higher after ATCC 17978 infected THP-1 cells both for 4 and 8 h compared to pre-infection. Moreover, when hcp transcript levels of 4 and 8 h cultures were compared, only isolates 38 (P=0.007), 55 (P=0.001), 50 (P=0.044) and 59 (P=0.004) showed a significant difference.
Four low-expression isolates (isolates 32, 38, 58, 12) and three high-expression isolates (isolates 27, 50, 59) plus ATCC 17978 were selected to infect the A549 cells. As shown in Table 2 , compared to pre-infection, hcp transcript levels of low-expression isolates (isolates 38, 58, 12) were significantly higher after infection of A549 cells both for 4 and 8 h compared to pre-infection, but expression of isolate 32 was only significantly elevated after 8 h infection.
For high-expression isolates, expression of hcp was statistically higher after isolate 27 infected A549 cells both for 4 and 8 h compared to pre-infection, but expression of isolates 50 and 59 was only significantly elevated after 4 h infection. Compared to pre-infection, expression of hcp in ATCC 17978 was also statistically higher both after 4 and 8 h infection. hcp was significantly elevated in expression after both 4 and 8 h infection for low-expression isolates 38 and 12, high-expression isolate 27 and type strain ATCC 17978. In addition, when hcp transcript levels of 4 and 8 h cultures were compared, isolate 32 (P<0.0001), 38 (P<0.0001), 58 (P=0.02<0.05), 12 (P<0.0001), 50 (P=0.004<0.05) and ATCC 17978 (P<0.0001) showed a significant difference.
Expression of hcp in A. baumannii cultured in an acid environment To determine whether the expression of hcp can be triggered by an acid enviroment, three low-expression isolates (14, 38, 62) and four high-expression isolates (16, 18, 50, 59 ) were cultured for 3 h in LB medium adjusted to pH 5 or 7. ÀDDC t values of hcp increased when these isolates grown at pH 5, and there were statistically significant differences in expression of hcp between pH 5 cultures and pH 7 cultures for all isolates (Table 3) .
DISCUSSION
The T6SS, which is related to the pathogenicity of a variety of Gram-negative bacteria [4, 5, 12] , was recently reported in A. baumannii [29] . However, the majority of recent work about the T6SS in A. baumannii mainly focuses on the commonly used laboratory strains or minority clinical isolates. In this report, 77 clinical isolates from sputum were included to investigate the regulation of gene expression of hcp, the core gene of T6SS, in A. baumannii causing respiratory tract infection. **** †4C t = mean C t of tested gene À mean C t of control gene. ÀDDC t 4h = À(4C t 4h À4C t 0h ), ÀDDC t 8h= À (DC t 8h À4C t 0h ), larger ÀDDC t = more hcp expression. The level of gyrB mRNA was used as a control. ‡P values are coded as follows: ****, P<0.0001; ***, 0.0001<P<0.001; **, 0.001<P<0.01; *, 0.01<P<0.05. 0.001** †4C t = mean C t of tested gene À mean C t of control gene. ÀDDC t pH=5 = À(4C t pH=5 À4C t pH=7 ), larger ÀDDC t means more hcp expression. The level of gyrB mRNA was used as a control.
‡P values are coded as follows: ****, P<0.0001; ***, 0.0001<P<0.001; **, 0.001<P<0.01; *, 0.01<P<0.05.
The T6SS plays a critical role in inter-bacterial competition [16] , formation of biofilm and defence of the invaded host during A. baumannii infection attack [29] . However, several studies have found that not all A. baumannii isolates possess the T6SS [16, 25, 29, 31] . To confirm this view, the presence of hcp was screened by PCR in these isolates. The result displayed that 77.9 % (60 of 77) of the A. baumannii clinical isolates possessed hcp, which is higher than in data (31.5 %, 51/162) from South Korea [29] . This discordance may be explained by different bacterial-derived sites, regional difference or limited isolates in our study. Moreover, the T6SS displays variations among different species and even among strains of a species or cells of a population, such as the Pseudomonas aeruginosa model strain PAO1 harbours three T6SS gene clusters, H1-T6SS, H2-T6SS and H3-T6SS [5] . Avian pathogenic Escherichia coli (APEC) possesses two T6SS loci named T6SS-1 and T6SS-2 [6] . B. pseudomallei and Burkholderia mallei are endowed with at least four T6SSs [7] . However, in Acinetobacter species, only one T6SS gene cluster has been described so far and the T6SS locus is only present in specific clones [22, 29, 31] . hcp + isolates in our study may belong to one or two particular clades, just as in the results in the paper by Kim and colleagues [29] . Further investigation based on ST (sequence type) affiliation of all strains would verify it.
We detected, by qRT-PCR, the expression of hcp in 53 hcppositive isolates. We found that hcp transcript levels in 36 isolates were higher and in 17 isolates were lower than that in the ATCC 17978 type strain under LB medium growth conditions, and there was a 4570-fold difference in the expression of this gene between the high-and lowexpression isolates. No matter what the reasons are (for example, influence of regulatory factors, e.g. TetR [25] , different clade [29] ), this result indeed confirmed the view that expression of genes of the T6SS is strain-specific and is strictly regulated [4, 22, 25] . In addition, we did detect several interesting features giving insight into the expression of hcp in clinical A. baumannii isolated from the respiratory tract. Specially, we found that, in comparison to the colonizing group, invasive A. baumannii isolates causing an infection exhibited higher gene expression of hcp (Fig. 1) . Hcp is the puncture device of the T6SS and is a secreted protein that can be detected in the sera of patients and isolated from the supernatant of bacterial cultures [22, 25] . More than one decade ago, Potvin and colleagues found that the mutation of the Hcp1 secretion island I (HSI-I) could attenuate or abolish the chronic respiratory infection caused by P. aeruginosa in the mouse model [32] . Hcp family protein Hcp1 is also implicated in meningitis caused by Escherichia coli K1 in human brain microvascular endothelial cells (HBMECs) [10] . Furthermore, biological functions of Burkholderia cenocepacia, including biofilm formation, bacterial adherence and actin rearrangements, may be involved with the Hcp-like protein [33] . Although functions of Hcp proteins have been reported in previous studies, the difference in the expression of hcp between invasive strains and colonizers has received limited mention. In our study, hcp predominated in A. baumannii causing respiratory infections; therefore, we propose that hcp might play a role in the process of triggering infection by the colonizer. However, it is unclear whether this phenomenon is attributed to hcp acting as an exported receptor/chaperone of the effectors delivered by T6SS to adjacent cells [34] .
A. baumannii is an acquired pathogen with adaptation to various environments that may serve as a trigger to modulate its virulence factors. For example, the T6SS is often activated as a response to stresses, including antibiotics [26] , ecological competition [4, 16, 22] , nutrient limitation and cell damage [18] . In this study, infection of THP-1 and A549 cells was found to positively regulate the expression of hcp. This is similar to an earlier report documenting the induction of hcp1 in B. pseudomallei upon invasion of RAW264.7 macrophages [24] . Interestingly, hcp increased obviously for the low-expression isolates infecting THP-1 cells for 4 h, whereas for the high-expression isolates, the time was 8 h ( Table 1 ). The possible reason may be highand low-expression isolates belong to different clades, so the response to THP-1 cells is different. Moreover, A549 cell could also upregulate the expression of hcp (Table 2 ). T6SS cluster genes are under the control of different regulators, they become active upon internalization by phagocytic or nonphagocytic cells [35, 36] . Sana et al. reported that the T6SS was implicated in the internalization of P. aeruginosa strain PAO1 into epithelial cells, A549 cells and HeLa cells [36] . Our findings show that the T6SS becomes active in response to infection, the over-expression of hcp may have arisen as an adaptation when A. baumannii was faced with survival stress. The finding that THP-1 and A549 cells upregulated the expression of hcp further highlights the reason why invasive A. baumannii isolates express higher hcp than colonizers, mentioned above, for bacteria are challenged with more extracellular assaults, such as effects of antibiotics, attack of immune cells and changes in the inner environment of the host during lung infection. We additionally found that acid environment is another trigger of hcp gene expression (Table 3 ). The higher gene expression of hcp at pH 5 than at pH 7 supports the finding that pH regulates T6SS cluster genes including hcp1 and tssM [6] .
In summary, the well-known T6SS core gene hcp was demonstrated to be prevalent in A. baumannii isolates from the respiratory tract in China and T6SS/hcp clearly predominate A. baumannii causing respiratory infections. Moreover, expression of hcp is regulated by the infection status and acid environment, and we are in the process of exploring the intimate molecular mechanisms of these regulation factors. These findings point to the potential roles of the T6SS in clinical diagnosis of pneumonia caused by A. baumannii and further confirm the important role of hcp in the pathogenicity of A. baumannii.
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